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Introduction
The selective introduction of one d-and one f-block ion into the same molecular or supramolecular edifice has attracted much attention for the elucidation of weak magnetic interactions mediated either by direct overlaps between the metallic orbitals or by superexchange pathways.
[1] Less interest has been focused on intermetallic d ± f communication mediated by mechanical coupling between the coordination sites [2] or by intramolecular energy transfers.
[3] The exchange mechanism proposed by Dexter [4] implies a double-electron exchange between donor and acceptor which critically depends on orbital overlaps. It is thus limited to short distances and involves the atoms (or ligands) directly coordinated to Ln III . [5] At larger distances, through-space multipolar Förster-type mechanisms [6] are invoked to rationalize d 6 f energy transfers which are then controlled by spectral overlaps between the emission spectrum of the donor and the absorption spectrum of the acceptor. [7] Förster energy transfers that are limited to dipole ± dipole interactions have been extensively used to estimate the distance between fixed or rapidly diffusing d ± f or f ± f pairs in several heterodimetallic edifices, but only few systematic variations of the acceptor have been reported, except for Cr III and Co III ions which possess adequate energy levels for the efficient quenching of Eu III or Tb III luminescence. [3, 8] Iron(ii) (d 6 ) is a promising versatile acceptor in heterodimetallic d ± f complexes because it displays two different electronic configurations with different optical characteristics depending on the ligand field strength in pseudooctahedral complexes (i.e. diamagnetic low-spin ( 1 A 1 in O h symmetry) and paramagnetic high-spin ( 5 T 2 )).
[9] Low-spin iron(ii) (Fe II ls ) in [Fe(a,a'-diimine) 3 ] 2 and in [Fe(terimine) 2 ] 2 complexes displays an intense metal-toligand charge-transfer (MLCT) transition at % 18 000 cm À1 which is responsible for the red to violet color of the complexes, together with d ± d transitions of weaker intensities in the same energy domain.
[10] A weaker MLCT transition is found at significantly higher energy (% 25 000 cm
À1
) for related yellow to orange high-spin iron(ii ) (Fe II hs ) complexes, while the d ± d transitions are shifted toward lower energy and appear in the near-IR domain. [10, 11] According to these characteristics, we expect that resonant Eu III 3 Fe II energy transfers will strongly depend on the spin state of iron(ii) to lead to a precise control of the Eu-centered emission by the remote d-block ion. Since spin-crossover processes in pseudooctahedral iron(ii) complexes with a,a'-diimine ligands can be triggered by various external stimuli (temperature, pressure, light), [9, 12] it would be theoretically possible to use Eu III as an internal reporter of these changes, as recently described for related Eu, Tb, and Yb complexes that function as luminescent probes for the quantitative detection of analytes (O 2 , H , Cl À , OH À , Na , acetate, etc.). [13] We have recently reported that Fe II displays a thermally induced spin-transition in the heterodimetallic complexes
5 (Scheme 1), with a critical temperature T C around room temperature.
[2] The minor variations in the 5 . [10, 14] Particular attention has been focused on the thermodynamic properties of these metallosupramolecular assemblies containing poorly coordinating Fe II hs , together with a complete characterization of the consequences of intermetallic communications on the magnetic and optical properties of the final complexes.
Results and Discussion
Synthesis of the ligand L 3 : The heterotopic ligand 2-{6-
) consists of two distinct benzimidazole ± pyridine segments separated by a methylene spacer. The tridentate binding unit possesses an extra carboxamide group bound to the 6 position of the pyridine ring, while a methyl group occupies the symmetryrelated position in the bidentate binding unit. L 3 is obtained in three steps from the unsymmetrical synthon 1 according to the usual multistep strategy based on a modified Philips reaction for the preparation of benzimidazole rings from the bis-[N-(2-nitroarene)-carboxamide] precursor 3 (Scheme 2).
[2, 15, 16] Self-assembly processes with L 3 : As previously reported for L to adopt a pure high-spin electronic configuration. However, the associated decrease in stability of the final complexes may severely affect the strict self-assembly process. A complete characterization of the energy hypersurface of the assembly processes involving L 3 is thus required and we have used the usual combination [17] of ESI-MS titrations for qualitative speciation, [18] spectrophotometry for the subsequent quantitative analysis, [19] and 1 H NMR to investigate solution structures.
Homometallic complexes of L 3 with La III and Zn II : Titrations of L 3 (10 À4 m in acetonitrile) with La(ClO 4 ) 3´8 H 2 O were followed by spectrophotometry (stoichiometric ratios La:L 3 0 ± 2.0). The absorption spectra display a complicated variation with end points for La:L 3 0.3, 0.5, and 0.7; this is in contrast with the smooth evolution observed for L 1 under the same conditions. [15] The absence of isobestic points suggests the formation of at least three different absorbing species, which is confirmed by factor analysis. [20] The spectrophotometric data can be fitted to the equilibria given in Equations (1) and (2). [21] 27.5(9) , [15] the stability constants are reduced by two and five orders of magnitude, respectively. However, they are in agreement with those reported for L 2 (log b [15] which exist under slow dynamic equilibria on the NMR time scale. This difference can be traced back to the specific connection of the terminal methyl group which significantly reduces the complexing ability of the bidentate unit for La III when going from L 1 to L 3 . Spectrophotometric titrations of L 3 (10 À4 m in acetonitrile) with Zn(ClO 4 ) 2´7 H 2 O suggest that at least three absorbing species are necessary to reproduce the experimental data which can be satisfyingly fitted to the equilibria given in Equations (3) and (4):
, log b [15] which exemplifies the drastic change occurring in the assembly processes when the methyl group of the terminal pyridine ring is shifted from the 5 position in L 1 to the 6 position in L 3 . Moreover, log b Table S1 ). [15] Heterodimetallic , H 15, 16 , and H 17, 18 , are diagnostic for the formation of the head-to-head-to-head C 3 -symmetrical triplehelical complexes ( great similitude between the reconstructed UV spectra again prevents a reliable determination of stability constants and we suspect that the selective formation of (HHH) Table S1 ; Figure 1) . [22] The slightly broadened NMR signals of the tridentate binding unit were assigned by means of twodimensional correlation { ) 3 ](ClO 4 ) 5´n H 2 O´x MeCN (Ln La, n 2, x 1.5: 6; Ln Eu, n 1, x 0: 7; Ln Gd:Eu (98:2), n 2, x 0: 8). Their IR spectra show the bands characteristic of the coordinated ligands (n CO and n CN in the 1600 ± 1450 cm À1 range), [2, 15] together with vibrations typical of ionic perchlorates (625 and 1100 cm À1 ). [23] All attempts to obtain crystals suitable for X-ray diffraction were unsuccessful.
Magnetic and electrochemical properties of [LaFe(L 3
) 3 ]-(ClO 4 ) 5´2 H 2 O´1.5 MeCN (6): The thermal dependence (2 ± 300 K) of the magnetic moment, expressed as cT, is complicated: cT 3.26 cm 3 K mol À1 at 300 K slightly increases to give a maximum at 70 K (cT 3.74 cm 3 K mol
À1
) followed by an abrupt decrease at lower temperature to reach cT 2.40 cm 3 K mol À1 at 2 K (Figure 3 ). This magnetic behavior is typical of a pseudooctahedral pure high-spin Fe II (S 2). The slight increase between 300 ± 70 K can be rationalized by the classical Kotani curves which consider spin-orbit coupling, [24] while the decrease at low temperature arises from zero-field splitting. [25] A nonlinear least-squares fit of the data, including the magnetic susceptibility contributions for zero-field splitting of a spin multiplet (S 2, isotropic solids) [26] for pseudooctahedral high-spin d 6 ion, yields a g value of 2.18 and a zero-field parameter j D j 4.2 cm
. These results are in good agreement with similar treatments applied to the related pseudooctahedral high-spin complexes [Fe(4,6-bisphenylterpy) 2 ](PF 6 ) 2 (g 2.16, j D j 7.9 cm À1 ) [27] and [Fe(H 2 sarcophagine)]Cl 2 Br 2 (g 2.2, j D j 6.8 cm À1 ). [28] Dissolution of 6 in acetonitrile gives an NMR spectrum identical to that obtained
5 during titration processes (see above). Values of cT were determined in the temperature range 233 ± 333 K by the Evans method, [29] with diamagnetic correction. [30] The molar magnetic susceptibility within this short temperature range shows a Curie-type behavior, with cT 3.6 (5) 5 and results from the steric constraints induced by the terminal methyl groups which preclude the contraction of the FeÀN bonds required by the oxidation process. [14, 27] (17 221 [a] Reflectance spectra recorded at 295 K, luminescence data at 77 K, and lifetime measurements at 13 K; sh shoulder. [b] Taken from reference [15] . [c] 3 pp* luminescence quenched by transfer to Eu III ion. [d] Very low intensity. [31] for an Eu III ion with ninefold coordination by six heterocyclic nitrogen atoms and three amide oxygen atoms. [15] We can safely conclude that the coordination geometry around the Eu III luminescent probe is very similar in (HHH 5 (2.19 ms at 10 K). [15] The emission spectra obtained for [EuFe(L 3 ) 3 ](ClO 4 ) 5´H2 O (7) at 13 K by excitation through the excited states of the ligand (l exc 32 467 or 26 667 cm À1 ) are comparable to those observed for 5, in spite of an overall weaker intensity and a broadening of the bands (Figure 4 b) [2, 15, 33] The absolute quantum yield (F 3.0 Â 10 [a] 3.7 Â 10 À3 m in dry acetonitrile. (N,N,N' ,N'-tetraethylpyridine-2,6-dicarboxamide) 3 ] 3 (F 8.6 Â 10 À5 ). [34] As there is no orbitally mediated communication between Fe II and Eu 5 (i 1 ± 3, intermetallic distances % 9.0 ), [2, 15] the Eu 3 Fe II energy transfer relies on the Förster mechanism and depends on the spectral overlap between the ªEu III -centeredº emission spectrum and the ªFe II -centeredº absorption spectrum. F j (j 0 ± 6) transitions are located at higher energies compared to Eu III and exhibit considerable overlap with the MLCT transitions of both highand low-spin Fe II . This application is currently under investigation in our laboratories together with the fine-tuning of Eu-centered luminescence through a judicious external tuning of the electronic state of Fe II .
Experimental Section
Solvents and starting materials: These were purchased from Fluka AG (Buchs, Switzerland) and used without further purification unless otherwise stated. Thionyl chloride was distilled from elemental sulfur; acetonitrile, dichloromethane and triethylamine were distilled from CaH 2 . Silica gel (Acros, 0.035 ± 0.07 mm) was used for preparative column chromatography.
[2] and 6-methylpyridine-2-carboxylic acid (2) [35] were prepared according to literature procedures. The perchlorate salts Ln(ClO 4 ) 3´n H 2 O (Ln La, Eu, Gd) were prepared from the corresponding oxides (Rhodia, 99.99 %) and dried according to published procedures. [36] The Ln content of solid salts was determined by complexometric titrations with Titriplex III (Merck) in the presence of urotropine and xylene orange. [37] Fe(ClO 4 ) 2´6 H 2 O was purchased from Aldrich.
Caution: Dry perchlorates may explode and should be handled in small quantities and with the necessary precautions. [38] [41] [c] Quantum yields are determined relative to [Eu(terpy) 3 ] 3 (10 À3 m in acetonitrile). [d] Taken from reference [15] .
A mixture of 2 (566 mg, 4.13 mmol), thionyl chloride (3.0 mL, 41 mmol), and DMF (0.2 mL) was refluxed for 90 min in dry dichloromethane (40 mL) . The mixture was evaporated and dried under vacuum. The solid residue was dissolved in dichloromethane (75 mL) and added dropwise to a solution of 1 (715 mg, 1.37 mmol) and triethylamine (1.0 mL, 7.2 mmol) in dichloromethane (75 mL). The solution was refluxed for 15 h under an inert atmosphere. After the mixture had been cooled, water (100 mL) was added and the organic layer was separated. The aqueous phase was extracted with dichloromethane (5 Â 100 mL). The combined organic phases were dried (Na 2 SO 4 ) and evaporated. The crude product was purified by column chromatography (silica gel, CH 2 Cl 2 /MeOH 97:3) to give 5 (855 mg, 1.34 mmol; yield 98 %) as a yellow solid. M.p. 65 ± 70 8C; 1 H NMR (300 MHz, CDCl 3 ): d 0.84 ± 1.25 (m, 6 H), 2.08 ± 4.07 (m, 15 H), 6.96 ± 8.17 (m, 12 H) ; ES-MS: m/z (%): 761 (70) [MH] .
Activated iron powder (2.3 g, 41 mmol) and concentrated hydrochloric acid (37 %, 8.3 mL, 99 mmol) were added to a solution of 3 (855 mg, 1.34 mmol) in ethanol/water (260 mL/70 mL). The mixture was refluxed for 15 h under an inert atmosphere, excess iron was filtered off, ethanol was distilled under vacuum, and water (50 mL) was added. A solution of H 4 EDTA (19.6 g) and NaOH (5.4 g) in water (100 mL) was poured into the resulting mixture, and dichloromethane (300 mL) was added. The resulting stirred mixture was neutralized (pH 7.0) with concentrated aqueous NH 4 OH solution. Concentrated H 2 O 2 solution (30 %, 1.1 mL) was added under vigorous stirring, and the pH was adjusted to 8.5 with aqueous NH 4 OH solution. The organic layer was separated and the aqueous phase extracted with dichloromethane (3 Â 100 mL). The combined organic phases were dried (Na 2 SO 4 ) and evaporated, and the crude product purified by column chromatography (silica gel, CH 2 Cl 2 /MeOH 98:2), and then crystallized from a dichloromethane/hexane mixture to give L 3 (597 mg, 1.10 mmol; yield 82 %) as a white solid. M.p. 110.0, 110.1, 119.9, 120.1, 121.9, 122.9, 123.4, 124.9, 125.2, 125.3, 137.2, 138 .1 (C tert ); 136.0, 136.1, 136.6, 136.9, 142.9, 149.6, 150.0, 150.6, 154.5, 157.6, 168.6 (C quat (2377.4): C 50.02, H 4.37, N 12.37; found: C 49.92, H 4.39, N 12.31 /MeCN (1.5 mL). After the mixture had been stirred for 1 h at room temperature, the solution was evaporated under vacuum, and the solid residue was dissolved in CD 3 CN (700 mL).
Spectroscopic and analytical measurements: Reflectance spectra were recorded as finely ground powders dispersed in MgO (5 %) with MgO as reference on a Perkin ± Elmer Lambda 900 spectrophotometer equipped with a PELA-1020 integrating sphere from Labsphere. UV/Vis electronic spectra were recorded at 20 8C in 10 À3 m solutions of MeCN with a Perkin ± Elmer Lambda 900 spectrometer in quartz cells (path length: 0.1 and 1 cm). Spectrophotometric titrations were performed with a J&M diode array spectrometer (Tidas series) connected to an external computer. In a typical experiment, L 3 (25 mL) in acetonitrile (0.1 mm) was titrated at 20 8C with an equimolar (1.00 mm) solution of Ln(ClO 4 ) 3´n H 2 O and M(ClO 4 ) 2ń H 2 O (M II Zn, Fe) in acetonitrile under an N 2 atmosphere. After each addition of 0.10 mL, the absorbances were recorded with Hellma optrodes (optical path length: 0.1 and 0.5 cm) immersed in the thermostated titration vessel and connected to the spectrometer. Mathematical treatment of the spectrophotometric titrations was performed with factor analysis [20] and with the SPECFIT program. [21] IR spectra were obtained from KBr pellets with a Perkin Elmer 883 spectrometer.
1 H NMR spectra were recorded at 25 8C on a Broadband Varian Gemini 300 spectrometer. Chemical shifts are given in ppm with respect to TMS. EI-MS (70 eV) were recorded with VG-7000E and Finnigan-4000 instruments. Pneumatically-assisted electrospray (ES-MS) mass spectra were recorded from 10 À4 mol dm À3 acetonitrile solutions on API III and API 365 tandem mass spectrometers (PE Sciex) by infusion at 4 ± 10 mL min
À1
. The spectra were recorded under low up-front declustering or collision-induced dissociation (CID) conditions, typically DV 0 ± 30 V between the orifice and the first quadrupole of the spectrometer. The experimental procedures for high-resolution, laserexcited luminescence measurements have been published previously. [39] Solid-state samples were finely powdered and low temperatures (77 or 13 K) were achieved by means of a Cryodyne Model 22 closed-cycle refrigerator from CTI Cryogenics. Luminescence spectra were corrected for the instrumental function, but not the excitation spectra. Lifetimes are averages of at least three to five independent determinations. Ligand excitation and emission spectra were recorded on a Perkin ± Elmer LS-50B spectrometer equipped for low-temperature measurements. The relative quantum yields were calculated with the formula given in Equation (5) . [33] Q x /Q r hA r (l r )/A x (l x )ihI(l r )/I(l x )ihn 2 x /n 2 r ihD x /D r i
Where subscript r stands for the reference and x for the samples; A is the absorbance at the excitation wavelength, I is the intensity of the excitation light at the same wavelength, n is the refractive index (1.341 for solutions in MeCN) and D is the measured integrated luminescence intensity. Cyclic voltammograms were recorded with a BAS CV-50W potentiostat connected to a personal computer. A three-electrode system consisting of a stationary Pt or glass carbon disk working electrode, a Pt counterelectrode and a nonaqueous Ag/AgCl reference electrode was used. NBu 4 PF 6 (0.1m in MeCN) served as an inert electrolyte. The reference potential (E 0 À 0.12 V vs SCE) was standardized against [Ru(bpy) 3 ](ClO 4 ) 2 (bpy 2,2'-bipyridyl). [40] The scan speed was 100 mV s À1 and voltammograms were analyzed according to established procedures. [40] Magnetic data for samples in acetonitrile were obtained by the Evans method according to the detailed procedure described in reference [2] and using a Varian Gemini 300 spectrometer. 
